Introduction
Contamination of the environment with heavy metal ions has been a worldwide concern for decades. Mercury is one of the widespread heavy metals in the environment and its pollution has severe effects on human health and the environment. Mercuric ion (Hg 2+ ) is the most common inorganic form of mercury; it has high cellular toxicity. [1] [2] [3] Furthermore, Hg 2+ can also be transformed into methyl mercury through biological methylation, a potent neurotoxin that can accumulate in the human body through the food chain and can cause serious brain damage and other chronic diseases. 4, 5 Therefore, it is important to develop a rapid, highly sensitive and selective detection method of Hg 2+ that can provide real-time information of mercury levels in the environment. Towards this goal, different methods for the detection of Hg 2+ have been developed in the past, including cold vapor atomic absorption spectrometry (CVAAS), 6, 7 cold vapor atomic fluorescence spectrometry, 8 inductively coupled plasma mass spectrometry (ICP-MS), 9 chromophores, [10] [11] [12] perylenebisimide fluorophore, [13] [14] [15] and sensors based on semiconductor quantum dots, 16 proteins 17 and polymer materials. 18, 19 New sensors based on chips, 20 single-walled carbon nanotubes 21 and nanoparticles 22, 23 have also been applied for the detection of Hg 2+ . However, most of these methods have limitations for practical application with respect to low sensitivity and cross reactivity toward other metal ions, or they require sophisticated instruments and professional skills. Furthermore, according to the US Environmental Protection Agency (EPA) standard, the maximum limit of Hg 2+ in drinking water is 10 nM Hg 2+ , which is much lower than the detection limit of most available on-site methods.
To overcome this limitation, researchers have devoted more efforts towards the design of a simple detection method with high sensitivity and selectivity. Recently, various colorimetric methods based on DNA-functionalized gold nanoparticles (DNA-AuNPs) for the detection of Hg 2+ in aqueous media have been developed. [24] [25] [26] [27] [28] Indeed, DNA-AuNPs have become attractive nanomaterials for detecting Hg 2+ due to their chemical tailorability, intense optical properties, chemical stability, unusual hybridization and unique distance-dependent optical properties. 29, 30 Besides, the DNA-AuNPs can still possess high selectivity toward Hg 2+ in the presence of high concentrations of other metal ions. Because Hg 2+ can cause a stable formation of thymine-Hg 2+ -thymine (T-Hg 2+ -T) base pairs in DNA [31] [32] [33] and can induce formation of DNA-AuNPs aggregates with a concomitant red-to-purple color change, which can be observed with the naked eyes in some cases at the point of use. This colorimetric method can also be used to detect other targets through replacing the thymine-rich DNA by other special DNA bases. 29, [34] [35] [36] However, the method still requires sophistic instruments and professional skills, restricting its use as a common assay tool. Furthermore, it is often difficult to distinguish the blue color of aggregates against the strong red background even by special instruments, particularly at low Hg 2+ concentrations. Thus, the development of a simple and practical method for Hg 2+ is still a challenge. Many test strip methods based on DNA-AuNPs have been reported for analyses of protein, 37 genotyping 38, 39 and other small molecules. [40] [41] [42] They are also suitable for simple, rapid, highly sensitive and selective on-site detection of Hg 2+ . Zhou et al. 43 . DNAzymes could release the DNA-AuNPs through the formation of a hairpin structure because of T-Hg 2+ -T base pairs. However, it is difficult to make AuNPs dissociate from the aggregates and change to a red color because the DNAzyme-AuNPs are vulnerable to irreversible aggregation. Further, the aggregated DNAzyme-AuNPs are not suitable for long time storage and the test strip lacks a control line to ensure the effectiveness of the test strip.
Therefore, in this work, we developed a new colorimetric biosensor system for the detection of Hg 2+ with DNA-AuNPs based on the T-Hg 2+ -T mismatch principle (Fig. 1A ). This is a more stable and practical detection method for Hg 2+ ; it gains high selectivity and sensitivity by taking full advantage of Hg 2+ -induced color changes.
Experimental
Reagents and chemicals Succinimidyl 4-(N-maleimidomethyl) cyclohexane-1-carboxylate (SMCC) was purchased from Pierce (Interchim, Montluçon, France). Streptavidin from Streptomyces avidinii, bovine serum albumin (BSA), guanidine hydrochloride (Gu-HCl), tris(2-carboxyethyl) phosphine hydrochloride (TCEP) and 3-(4-morpholinyl)-1-propanesulfonic acid (MOPS) were purchased from Sigma-Aldrich (Steinhem, Germany). Hydrogen tetrachloroaurate(III) hydrate (HAuCl4·4H2O) was purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). A stock standard solution of 100 mg mL -1 Hg
2+
(GSB07-1274-2000) was obtained from the Institute for Reference Materials of SEPA (Beijing, China). The AuNPs with an average diameter of 13 nm were synthesized by the citrate reduction of HAuCl4 according to a previous report. 45 They were stored in dark vessels and adjusted to pH 7.2 with Tris buffer before use. All DNA samples, i.e. DNA1, DNA2 and DNA3, were purchased from Sangon Biotech Co., Ltd. (Shanghai, China) and have the following sequence:
DNA1: 3′-thiolated 20-mer oligonucleotide with polyA (10) tail, 3′-SH-A10-CT TGT TTG CTT CTT TCT TGG-5′. DNA2: 3′-biotinylated 20-mer oligonucleotide, 5′-GT TCT TTC GTT GTT TGT TCC-biotin-3′.
DNA3: 3′-thiolated 20-mer oligonucleotide, 5′-GA ACA AAC GAA GAA AGA ACC-SH-3′.
The Millipore Hi-Flow Plus Assembly Kit (Bedford, MA) was used; it contains a plastic adhesive packing, glass fiber, cellulose fiber sample pad and Hi-Flow nitrocellulose (NC) membrane. Milli-Q water (18 MΩ cm) was used throughout the experiment. All other chemicals were of analytical reagent grade and were used without further purification.
Synthesis of DNA1-AuNPs and DNA3-BSA
One OD of DNA1 was activated with two equivalents of TCEP for 6 h at room temperature, and then mixed with 600 μL of the AuNPs solution with gentle stirring at room temperature for at least 20 h. NaCl was added until a final concentration of 100 mM was achieved. After this mixture was incubated for 2 h, the DNA1-functionalized AuNPs (DNA1-AuNPs) solution obtained was slowly aged with addition of a designed solution containing 2 μL of mercaptoethanol and 37 μL of gelatin, followed by incubation for another 24 h at room temperature. The dark red pellets containing DNA1-AuNPs were purified by centrifugation for 10 min at 10000 rpm and removal of the supernatant. They were washed and centrifuged again, and redispersed in 100 μL of a buffer solution containing 25 mM MOPS, 80 mM NaNO3, 3% BSA, 0.25% Tween 20 and 5% sucrose (pH 7.2). The DNA1-AuNPs solution obtained were stored at 4 C and mixed with 6 μL of 200 μM DNA2 before use.
DNA3 was used to form the control line. To facilitate the immobilization on the NC membrane, we conjugated DNA3 with BSA through coupling reagent SMCC to form DNA3-BSA. Briefly, 5 mg mL -1 SMCC solution was mixed with 5 mg mL -1 BSA solution at the mass ratio of 3:20, followed by incubation at room temperature for 1 h and dialysis with 300 mL phosphate buffer solution (PBS, 0.1 M, pH 6.0) for 45 min. DNA3 in 6 M Gu-HCl solution (pH 7.0) was added to the BSA-SMCC solution at a mass ratio of BSA and DNA3 of 20:7. Excess DNA3 was removed by dialysis with 20 mM Tris buffer solution (pH 7.2) after incubating at room temperature with gentle stirring for about 2 h. Finally, the solution was freeze-dried to obtain the DNA3-BSA conjugate powder.
Preparation of test strips
Each strip was constructed with a plastic adhesive backing, a NC membrane with a nominal capillary flow rate of ~210 s/4 cm, and three pads (absorption, wicking and conjugation pad) as shown in Fig. 1B . The wicking pad was made from the Millipore cellulose fiber and dried at 37 C after being soaked in a solution of 1% polyvinylpyrrolidone (PVP) K-30 and 1% Tween 20. The glass fiber conjugation pad was dried overnight after being soaked in a buffer solution (20 mM Tris, 0.5% sucrose and 0.25% Triton X-100; pH 7.2). A 3.5-μL aliquot of the mixture solution of DNA1-AuNPs and DNA2, described above, was spotted onto the conjugation pad and dried at 37 C overnight. A 1.5-μL aliquot of 200-μM DNA3-BSA in 20 mM Tris buffer solution (pH 7.2) and 1.5 μL aliquot of 2 mg mL -1 streptavidin solution, prepared with 10 mM Tris buffer solution (pH 7.2), were spotted onto the NC membrane to form the control and test line, respectively. The distance between the two lines was about 5 mm. Then the NC membrane was dried at 37 C for 6 h. Subsequently, the parts were assembled on the plastic adhesive backing as follows: the NC membrane was pasted on the backing and the conjugation pad was pasted above the NC membrane, overlapping by 2 mm. The wicking pad was pasted above the conjugation pad by over-crossing about 2 mm. The absorption pad was placed above the NC membrane by over-crossing 3 mm. Finally, the test strips were cut by a trimming board and stored in a desiccator before use.
Detection procedure
For sample analysis, various concentrations of the Hg 2+ standard solutions were prepared by a stepwise dilution of the stock standard solution containing 100 mg mL -1 Hg 2+ using a buffer solution (20 mM Tris, 20 mM NaNO3; pH 7.2). All other metal ion solutions were prepared from nitrate salts similarly. The sample solutions were spotted onto the wicking pad using a pipette. Then, the test strip was placed on a glass plate for the flow to continue. The liquid would hydrate the conjugation pad and migrate on the NC membrane by capillary action. After about 5 min, the results could be observed with one's naked eyes. There was only one red line at the control zone in negative samples, and two red lines at the test and control zone in positive samples. The strip was regarded as invalid if no color development was observed at the control line. A digital camera was used to take photos of the test strips after ~10 min.
Validation of the assay
The cross reactivity with metal ions other than Hg 2+ and matrix effect from samples by analyzing pond water samples spiked with various concentrations of Hg 2+ were validated on the strip. Interfering metal ion (Pb 
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Principle of the test strip
The detection principle of the test strip is illustrated in Fig. 1A . Three kinds of DNA sequences were used in this study. The thiolated DNA1 was used for conjugation with AuNPs to form DNA1-AuNPs, and the biotinylated DNA2 was introduced to hybridize with DNA1-AuNPs to form the mismatch complexes only by strong T-Hg 2+ -T base pair mismatches in the presence of Hg 2+ ions. [31] [32] [33] 41, 42, 46 DNA3 was used to conjugate with BSA and immobilize on the NC membrane to form a control line, thus it could hybridize with the DNA1-AuNPs to form the duplex complexes. As shown in Fig. 1B , streptavidin was spotted on the NC membrane to form a test line, and the DNA1-AuNPs and DNA2 were mixed and spotted onto the conjugation pad. Typically, the running buffer containing Hg 2+ ions is applied on the wicking pad using a pipette. Subsequently, the buffer migrates along the strip by capillary action and rehydrates the conjugation pad, where the biotinylated DNA2 would interact with DNA1-AuNPs to form mismatch complexes. Then the formed mismatch complexes and excess DNA1-AuNPs continue to migrate upward till they reach the test line, where the biotin-containing complexes are captured via streptavidinbiotin interaction. A red test line would appear due to the accumulation of AuNPs (Fig. 1C) . The excessive DNA1-AuNPs continue to migrate and are captured on the control line via hybridization events between the DNA1 and DNA3, producing a red control line (Fig. 1C) . Only one red control line can be observed in the absence of Hg 2+ (Fig. 1D) . In this case, the red control line shows that the test strip is working properly. Qualitative detection can be realized by observing the color change of the test line, whereas semi-quantitative detection can be realized by visual observation of the optical density of the red test line, because the concentration of Hg 2+ ions are roughly proportional to the captured AuNPs in the test line.
Optimization of the test strip
The density and conformation of DNA1 on the surface of AuNPs, determined by the size of AuNPs and the molar ratio of DNA1 to AuNPs, plays a crucial role in strip detection of Hg 2+ . High density of DNA1 would prevent it from hybridizing with DNA2 due to steric hindrance. On the other hand, if the density of DNA1 on the AuNPs surface is low or if the length of DNA1 is not long enough, it could cause nonspecific binding between DNA1 and AuNPs and also decrease the hybridization efficiency and sensitivity. As a result, the red lines of both the test and the control line become fainter. To study the effect of the AuNPs size, we used the AuNPs with average diameters of 13, 30 and 50 nm to prepare DNA1-AuNPs for the Hg 2+ test. As the AuNPs size increased, the color intensities of the lines on the strip decreased and the detection time increased. So the 13 nm AuNPs were used for the following experiment. The effect of density of DNA1 on the surface of AuNPs was studied using different amounts of DNA1 in the range from 0.5 to 5 OD according to some previous literature reports. [47] [48] [49] One OD of DNA1 was found to be the optimal quantity to stabilize 600 μL of the AuNPs as prepared, and the molar ratio of DNA1 to AuNPs was approximately 200:1. At higher molar ratios, no significant improvement of the color intensity of the two lines was observed. Further, the poly(A)10 inserted at 3′ can significantly reduce steric hindrance.
The components of buffer solution have also been optimized to achieve a highly sensitive and selective test strip. BSA, Tween 20 and sucrose were added into the buffer solution used for the preparation of DNA1-AuNPs, as they can eliminate the nonspecific binding of the DNA1-AuNPs on the NC membrane of the test strip.
Another factor taken into account for the assay optimization was the hybridization time. Five NC membranes with the nominal capillary flow rate of 135 s/4 cm, 150 s/4 cm, 180 s/4 cm, 210 s/4 cm and 240 s/4 cm were used for the preparation of test strips. By comparing the signals of the test line, we found that the best performance was obtained from the NC membrane with a nominal capillary flow rate of 210 s/4 cm.
Sensitivity and selectivity
When the concentration of Hg 2+ was high enough, two lines appeared due to the accumulation of AuNPs. Besides, the intensity of the test line increased with increasing Hg 2+ concentration that enabled semi-quantitative detection of Hg 2+ . When the concentration of Hg 2+ in the sample was below the detection limit, there was only one red control line. Different concentrations (0, 3.0, 6.0, 10.0, 20.0 and 50.0 nM) of Hg 2+ ions were tested to determine the detection limit of the strip method. The results are shown in Fig. 2 ; the strip method has a detection limit of 6 nM.
Various ) at the concentration of 100 μM were examined to assess the cross reactivity of test strips. As presented in Fig. 3 , excellent anti-interference of test strip was observed against other metal ions because of the high specificity of the T-Hg 2+ -T coordination. Therefore, the test strip can be used for the selective detection of Hg 2+ ions.
Stability
The strips were tested without and with Hg 2+ solutions after storing without any stabilizers in sealed aluminum pouches at room temperature. Satisfactorily, no significant losses of activity and color intensity were found during storage for up to three months.
Applications
The strip was used to analyze pond water samples spiked with 0 The detection results of the test strip were in accordance with the CVAAS results, suggesting that the test strip method we developed was reliable. In addition, neither false positive nor false negative results were obtained throughout the experiment. Therefore, this new approach holds great potential application for the detection of Hg 2+ in water samples.
Conclusions
In conclusion, we have developed a test strip method that allowed for simple, rapid and on-site detection of Hg 2+ in water samples based on thymine-Hg 2+ -thymine (T-Hg 2+ -T) coordination chemistry and color signal enhanced by AuNPs. The detection limit of this method is ~6 nM, which is lower than the US EPA's limit of 10 nM for Hg 2+ ions in drinking water. The test strip shows high selectivity, which allows detection of Hg 2+ ions in samples containing 10 4 -fold amounts of other metal ions. Besides, results can be observed with one's eyes within 5 min. In addition, the test strip has an effective storage for at least three months. Thus, the simple test strip reported here holds great promise for industrial, health and environmental applications. 
